We investigate the neutral pion photoproduction on the proton near threshold in covariant chiral perturbation theory with the explicit inclusion of ∆ degrees of freedom. This channel is specially sensitive to chiral dynamics and the advent of very precise data from the Mainz microtron has shown the limits of the convergence of the chiral series for both the heavy baryon and the covariant approaches. We show that the inclusion of the ∆ resonance substantially improves the convergence leading to a good agreement with data for a wider range of energies.
I. INTRODUCTION
Neutral pion photoproduction on the proton at low energies is specially sensitive to chiral dynamics. Considering the range of energies from threshold to 500 MeV, the total cross section appears to be clearly dominated by the magnetic dipole excitation of the ∆(1232) 1 . Its role is more important here than for the charged pions photoproduction, because of the smallness of the electric dipole contribution for the neutral pion channels. Of course, approaching low energies, the relevance of the ∆ resonance decreases fast and may become negligible as we get far from its mass and because of the p-wave nature of its contribution.
Close to threshold, charged pion photoproduction has a relatively large cross section that can be well described by just tree-level diagrams which lead to a substantial electric dipole moment. However, the situation is quite different for the neutral pion channels which present a much smaller cross section. Qualitatively, this is also well understood as the theoretical models produce a tiny s-wave amplitude, which actually vanishes in the chiral limit (m π → 0). The smallness of the lowest order tree-level contributions offers a good opportunity for the study of higher order terms of the chiral Lagrangian and of loop effects. In fact, one of the important successes of Chiral Perturbation Theory (ChPT) was the discovery in Refs. [2, 3] of the importance of the loop contributions for the π 0 channels. This allowed to solve the serious discrepancies between data [4, 5] and the Low Energy Theorems (LET) obtained by previous theoretical models [6, 7] based on current algebra and the partial conservation of the axial current [8, 9] . The model of Refs. [2, 3] was further improved in Refs. [10, 11] using a more systematic approach, heavy-baryon ChPT (HBChPT), which allows for a proper power counting scheme. The neutral pion photoproduction off protons was analyzed to fourth order in HBChPT in [12] finding a good agreement with the data that were available at the time.
However, the new and very precise data for the γ +p → π 0 +p reaction obtained at the Mainz Microtron (MAMI) [13] have clearly shown the limits of this approach. In Ref. [14] , it has been shown that fourth order HBChPT agrees well with data only up to around 20 MeV above threshold.
An alternative relativistic renormalization scheme of the baryons ChPT, the Extended On Mass Shell (EOMS) ChPT [15, 16] has been successfully applied to the study of several physical observables such as pion scattering, baryon magnetic moments and axial form factors, baryon masses among others [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The EOMS approach is covariant, satisfies analyticity constraints lost in the HB formulation and usually converges relatively faster. Surprisingly, a fourth order EOMS calculation of the γ + p → π 0 + p process described the experimental data even slightly worse than the HB one [13, 27] .
A possible reason for the poor agreement could be due to the importance of the ∆ resonance, not included in the aforementioned calculations as an explicit degree of freedom. Here, it could be more visible than for other channels due to the smallness of the nucleonic contributions of the lowest orders. This was already pointed out by Hemmert et al. in Ref. [28] . Actually, they obtained a moderate effect for the electric dipole amplitude at threshold in their HB approach. This result was further explored in Ref. [12] , also in a HBChPT static calculation, finding a sizable cancellation of the ∆ contributions by fourth order loop effects. However, it could be expected that, in a dynamical calculation (with the full ∆ propagator), the effects could grow very fast as a function of the photon energy as the invariant mass of the system at threshold is close to the resonance mass (E CM − M ∆ ∼ m π ). Of course, the ∆ effects could be accounted for by a change in the Low Energy Constants (LECs) and by higher order terms. However, if the ∆ resonance plays an important role, its inclusion could lead to a faster convergence and more natural values of the LECs. The possible relevance of the ∆ mechanisms for this process was also signaled in Refs. [13, 14] .
Our purpose in this work is to explore the influence of the ∆ mediated mechanisms in the photoproduction of π 0 off protons. We will calculate the process in the purely nucleonic EOMS ChPT scheme up to order p 3 and will add the two lowest orders of the ∆ contributions, which correspond only to tree diagrams. We will compare our results with the precise data on the near threshold angular cross sections and photon asymmetries from Ref. [13] and study the range of validity of our expansion.
II. THEORETICAL MODEL
For a O(p 3 ) calculation, the relevant terms of the chiral Lagrangian, including only pions, nucleons and photons as degrees of freedom are shown below with the superscript indicating the chiral order. We follow the naming conventions for the LECs from [29] . At first order we have
where Ψ is the nucleon doublet with mass m and D µ = (∂ µ + Γ µ ) is the covariant derivative given by
The meson fields appear through
with F the pion decay constant, and also in
where τ 3 is the Pauli matrix and e is the (negative) electron charge. At second order, there are only two relevant terms
where f
. Finally, at third order we have
We will work in the isospin limit as it was done in Ref. [27] , hence χ = m 2 π , the pion mass squared 2 . We also need the purely mesonic term where U = u 2 and whose covariant derivative acts as
, there is a large number of contributions to the pion photoproduction process, including both tree-level diagrams and loops. A full set of the loop diagrams can be found, e.g., in Ref. [3] . In the next figures, we show the relevant diagrams for our specific channel (real photons, neutral pions). We also omit the crossed ones.
In Fig. 1 , we show the tree-level diagrams. Both, the γN N and the πN N vertices contain pieces of chiral order running from one to three. However, the contact γπ 0 pp term starts at third order. The loop terms, contributing up to O(p 3 ), are depicted in Figs. 2, 3, 4 and 5. The loop diagrams have been evaluated applying the EOMS renormalization scheme. First, we have removed the infinities using the modified minimal subtraction ( M S) scheme [30] . Then, after making an expansion of the amplitudes 3 we have removed the power counting breaking terms (those with a chiral order lower than the nominal order of the loop). Obviously, the diagrams from Fig. 2 , which contain exclusively mesonic loops, do not break the power counting.
FIG. 3: Loop diagrams with one meson and one baryon in the loop. 3 We have chosen for the expansion the three small parameters mπ, ν = (s − u)/(4m) with s and u the Mandelstam variables of order one and the Mandelstam variable t of order 2 as in Ref. [31] . Futhermore, we have to consider the wave function renormalization of the external legs. In our calculation we only include it at O(p 2 ) on the external proton legs of the tree diagrams of O(p 1 ) as all other corrections are at least O(p 4 ). This amounts to multiplying the amplitude obtained for those terms by a factor
Finally, we should mention that, apart from g A , at O(p 3 ), the γ + p → p + π 0 scattering amplitude depends only on some specific combinations of the LECs:
The electromagnetic excitation of the ∆(1232) has been much investigated since the late fifties [32, 33] . Most of the work has dealt with energies around the resonance region, where the ∆ usually plays a dominant role. In the last years, we could mention the review of Ref. [34] and, e.g., some works on pion electro-and photoproduction [35] [36] [37] , or Compton scattering evaluated in covariant ChPT [38] . There are also some recent advances incorporating the ∆ as a dynamic degree of freedom in the analysis of πN scattering [31] in the same EOMS approach that we use here.
For the neutral pion photoproduction close to threshold, the ∆ isobar effects have been calculated in HBChPT [12, 28] , in a static approach, obtaining only moderate effects.
Here, we will consider the tree-level ∆ resonance diagrams, which include the direct one from Fig. 6 and the crossed one, in a dynamic fashion maintaining the energy dependence of the resonance propagator. To describe the ∆ interactions we use consistent Lagrangians which ensure the decoupling of the spurious spin-1/2 components of the p p Rarita-Schwinger field. The relevant pieces are
where F µν andF µν are the electromagnetic field and its dual. There are two couplings for the pion (h A , h 1 ) and two for the photon, the magnetic piece (g M ) of chiral order two and the electric piece (g E ) of order three. At third order, the Lagrangian contains an additional γN ∆ Coulomb coupling which vanishes for real photons. The conventions and definitions for the isospin operators T can be found in Ref. [39] . Actually, we neglect the h 1 piece in our calculation for simplicity and because its value has been found to be consistent with zero [34] . For the other constants, we take h A = 2.85, g M = 2.97 and g E = −1.0 [36] . The value for h A can be directly obtained from the ∆ width, and g M and g E were obtained fitting pion electromagnetic production at energies around the resonance peak.
III. RESULTS
We compare our model with the full set of data of Refs. [13, 27, 40] on the angular cross section and Σ, the linearly polarized photon asymmetry
with dσ ⊥ and dσ the angular cross sections for photon polarization perpendicular and parallel to the reaction plane with the pion and the outgoing proton. The analysis of these data has shown that HBChPT agrees well only up to approximately 20 MeV above threshold [14] and covariant ChPT does it even worse [13] . This result was nicely shown by studying the χ 2 per degree of freedom as a function of the maximum photon energy of the data included in the fit.
In Fig. 7 , we show our results for this magnitude. We have fixed m and m π to their physical values for proton and neutral pion, F = 92.4 MeV and the ∆ couplings as given in the previous section. We prefer to fix g M and g E , even when the latter one is poorly known. In principle, these values could also be fitted, but a more comprehensive analysis including other charge channels and a wider range of energies, where the ∆ mechanisms could be dominant, would be better suited for that purpose. As we will see below, at low energies and for our channel, the size of the ∆ contribution is relatively small, even when it is essential to get a good agreement with data. The rest of the LECs, g A ,c 67 ,d 89 andd 168 have been taken as free parameters.
We start our fit at energies above the charged pion threshold to avoid the cusp effects 4 . The loop contributions improve the agreement at the threshold region, showing the remarkable effect already found in Ref. [2] . Still, the χ 2 of our model with tree-level and loop diagrams up to O(p 3 ) and just nucleons grows quickly as a function of the photon energy and qualitatively reproduces the previous results of Refs. [13, 14, 27] . This is only to be expected, as [27] , which corresponds to a higher order calculation in the same EOMS covariant ChPT approach used here, with further free parameters, could not reach a good agreement over the whole energy range.
The situation changes drastically as soon as the ∆ mechanisms are included, even when it does not imply any new free parameter. As an additional check, we also let free g M , the dominant magnetic N ∆ coupling, and we obtain for the best fit g M = 3.1, which is very close to the value taken from the literature. Although this could suggest that there is enough information on the current data to fix ∆ LECs, a more general study would be convenient, because higher order terms might modify this result. The values of the LECs for the different cases studied can be seen in Tab. I. In particular, we could fix g A to its physical value without altering the quality of the fit, as the effects of the modification are absorbed by changes in the other LECs.
As it is obvious from the low χ 2 value, the overall agreement of the full model is good. In Fig. 8 , we show two extreme (low and high energy) plots of the data set compared with our model with and without ∆ mechanisms to better observe their effects. Without ∆, the model has a too slow energy dependence, which cannot reproduce the rapid increase of the cross section. Thus, the best fit occurs when the model overestimates the low energy data and underestimates the higher energy ones. On the other hand, the ∆ mechanisms lead to a sharper slope allowing for a good fit over the whole energy range. We also show in the figure the cross sections obtained taking only the ∆ contribution, which is relatively small at all energies.
In summary, we have studied the neutral pion photoproduction on the proton near threshold in covariant chiral perturbation theory with the explicit inclusion of ∆ degrees of freedom at O(p 3 ) and using the EOMS renormalization approach. We have compared our model with the recent and precise data from Ref. [13] finding a good agreement for both the cross section and the linearly polarized photon asymmetry. We have also shown that the inclusion of the ∆ resonance mechanisms substantially improves the agreement with data over a wider energy range than in previous calculations both in HB and covariant ChPT.
